Abstract. Understanding the interactions of climate variability and wildfire has been a primary objective of recent fire history research. The present study examines the influence of El Niño-Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO) on fire occurrence using fire-scar evidence from 58 sites from the lower ecotone to the upper elevational limits of ponderosa pine (Pinus ponderosa) in northern Colorado. An important finding is that at low v. high elevations within the montane zone, climatic patterns conducive to years of widespread fire are different. Differences in fire-climate relationships are manifested primarily in antecedent year climate. Below ∼2100 m, fires are dependent on antecedent moister conditions that favour fine fuel accumulation 2 years before dry fire years. In the upper montane zone, fires are dependent primarily on drought rather than an increase in fine fuels. Throughout the montane zone, fire is strongly linked to variations in moisture availability that in turn is linked to climate influences of ENSO, PDO and AMO. Fire occurrence is greater than expected during the phases of each index associated with drought. Regionally widespread fire years are associated with specific phase combinations of ENSO, PDO and AMO. In particular, the combination of La Niña, negative PDO and positive AMO is highly conducive to widespread fire.
Introduction
Understanding the influences of interannual as well as multidecadal climate variability on wildfire occurrence has been a primary objective of recent fire history research (Collins et al. 2006; Kitzberger et al. 2007) . The importance of environmental and moisture gradients influencing vegetation patterns (e.g. Whittaker 1956 ) and fire regimes (e.g. Harmon et al. 1984; Veblen et al. 1992; Barton 1993 Barton , 1994 Bekker and Taylor 2001) is well developed.Along these gradients, differences in the distribution, production, abundance and flammability of fuels (both coarse and fine) alter fire regimes that can also affect vegetation patterns (e.g. Bekker and Taylor 2001) . In many relatively dry forest types of the western USA where the availability of fine fuels appears to limit fire spread, years of widespread fire tend to follow one to a few years of moister antecedent climate conditions that are believed to promote fine fuel accumulations (e.g. Betancourt 1990, 1998; Veblen et al. 2000; Donnegan et al. 2001; Grissino-Mayer et al. 2004; Collins et al. 2006) . However, in more mesic forests at higher elevations and more northerly latitudes in the Interior West, years of widespread fire are associated simply with dry years and do not show lagged relationships to above-average moisture availability (Schoennagel et al. 2005; Collins et al. 2006) . The contrasting roles of fine fuel accumulation v. fuel desiccation alone as predictors of fire risk in relation to interannual climatic variation are documented for broad forest zones (e.g. low-elevation forests of long-needled pines v. high-elevation short-needled conifers), but possible variations in fire-climate relationships have not been systematically investigated within the same broadly defined cover type. In the current study, we consider possible variations in relationships of years of widespread fire to interannual and multidecadal climatic variation along the environmental gradient from the lower grassland-forest ecotone to the upper elevational limits of ponderosa pine (Pinus ponderosa) on the eastern slope of the Front Range in northern Colorado.
At an interannual scale, climatic variability associated with variations in El Niño-Southern Oscillation (ENSO) is a strong influence on wildfire occurrence (e.g. Betancourt 1990, 1998; Veblen et al. 2000; Heyerdahl et al. 2002; Westerling and Swetnam 2003; Gedalof et al. 2005) . For example, fire in the ponderosa pine forests of the Southwest and Southern Rockies is strongly linked to interannual variability in moisture availability that in turn is linked to ENSO Betancourt 1990, 1998; Veblen et al. 2000; Donnegan et al. 2001; Kitzberger et al. 2001; Veblen and Kitzberger 2002) . In this region, in ponderosa pine forests, years of widespread burning tend to coincide with dry spring-summers associated with La Niña events (cool phase of ENSO), and tend to follow one to a few years of wet-springs associated with El Niño events (warm phase of ENSO). Thus, in addition to the association of fire with fuel desiccation, years of widespread fire also often occur several years after years with moister conditions conducive to above-average production of fine fuels.
At a multidecadal scale, recent studies indicate that temperature conditions in both the north Pacific and north Atlantic Oceans are influential on regional climate in the western USA (e.g. Gray et al. 2004; McCabe et al. 2004 ) and also affect variability in wildfire occurrence (Westerling and Swetnam 2003; Grissino-Mayer et al. 2004; Hessl et al. 2004; Schoennagel et al. 2004; Taylor and Beaty 2005; Brown 2006; Kitzberger et al. 2007) . Both ENSO and the Pacific Decadal Oscillation (PDO) are characterised by oscillations of warm (positive) and cool (negative) phases of sea surface temperatures (SSTs), at periodicities of 2 to 6 years and 20 to 30 years, respectively (Mantua et al. 1997; Diaz and Markgraf 2000) . Cool-phase PDO conditions have been identified as an influence on drought-induced fire occurrence in the subalpine forests of Colorado (Schoennagel et al. 2005; Sibold and Veblen 2006) and in the Black Hills of North Dakota (Brown 2006) , whereas warm-phase PDO conditions appear to influence fire occurrence along the western Pacific coast (Hessl et al. 2004; Taylor and Beaty 2005) .
More recently, a few studies have documented the Atlantic Multidecadal Oscillation (AMO) as another influence on drought-induced fire occurrence (Brown 2006; Collins et al. 2006; Sibold and Veblen 2006; Kitzberger et al. 2007) . Similarly to ENSO and PDO, theAMO cycles between warm (positive) and cold (negative) phases, but is based on oscillations of Atlantic SSTs on longer time scales of 50 to more than 70 years (Enfield et al. 2001) . In most of the Interior West, the warm phase of the AMO is associated with drought (Gray et al. 2004) .
Phase interactions of ENSO, PDO and AMO have been shown to affect drought and wildfire in western North America. The strength in the effects of ENSO variability can depend on the PDO phase (Brown and Comrie 2004) , which can lead to variation in the effects of ENSO at annual to decadal scales (Collins et al. 2006) . Variability in the PDO has been associated with increased drought and fire occurrence through combined influences with different phases of ENSO (e.g. Westerling and Swetnam 2003) , although the strength of these interactions varies by region across the western USA (Collins et al. 2006) . At a multidecadal scale, increased fire synchrony across much of western North America is associated with drought conditions related to the warm phase of AMO (Kitzberger et al. 2007 ). In the Southern Rockies, long-term drought has been related to interactions of the warm (positive) phase of AMO and cool phase of PDO (Gray et al. 2003; McCabe et al. 2004) . Fire occurrence in subalpine forests of the Front Range in Colorado has also been related to these same phase combinations of AMO and PDO at decadal time scales and at an interannual time scale with the cool phase of ENSO (Sibold and Veblen 2006) .
The current study examines the influences of ENSO, PDO and AMO on fire occurrence in ponderosa pine-dominated forests in the northern Front Range, considering possible differences between low-elevation (1800-2100 m) and high-elevation (2200-2800 m) ponderosa pine forests. The lower-elevation ponderosa pine zone has been shown to have had a historic fire regime of more frequent but less severe fires in comparison with the high-elevation zone (Sherriff and Veblen 2006, 2007) . Thus, it is reasonable to hypothesise that climatic influences on fine fuel accumulation and desiccation may result in somewhat different fire-climate relationships between lower-elevation drier forests and higher-elevation wetter forests. Results of analyses of fire relationships to PDO and AMO in the adjacent subalpine forests of Engelmann spruce (Picea engelmannii), subalpine fir (Abies lasiocarpa) and lodgepole pine (Pinus contorta var. latifolia) of the Front Range (Schoennagel et al. 2005; Sibold and Veblen 2006 ) cannot be simply extrapolated to the montane forests of ponderosa pine, where fire-climate relationships have been shown to be different from the subalpine zone. Based on the fire behaviour-fuels models associated with the montane zone, fuel quantity and continuity are believed to be more limiting to fire occurrence (Scott and Burgan 2005; Krasnow 2007 ) and presumably explain the positive association of fire with antecedent wet periods in contrast to the simple association of fire with dry years in the subalpine zone. Furthermore, the present study is motivated by the important differences in historic fire regimes and forest conditions within the ponderosa pine zone. For example, higher-elevation ponderosa pine forests were characterised by lower fire frequency and higher fire severity in comparison with low-elevation ponderosa pine forests near the Plains grassland (Veblen et al. 2000; Sherriff 2004; Sherriff andVeblen 2006 . Thus, in the context of the emerging understanding of the relationships of fire to broad-scale drivers of climatic variability (e.g. Kitzberger et al. 2007 ), the current study examines possible variations in fire-climate relationships between low-and highelevation ponderosa pine forests and also provides the basis for comparison of findings with adjacent subalpine forests.
In the current study, we address the following questions: (1) considering low-elevation (i.e. near the ecotone with the Plains grassland) v. high-elevation ponderosa pine forests on the eastern slope of the northern Front Range, how are years of widespread fire related to regional climatic variability (i.e. drought) and to broad-scale drivers of that variability (i.e. ENSO, PDO); and (2) how do the interactions between ENSO, PDO, and AMO affect widespread fire occurrence in the region?
Methods

Study area
The study area extends from ∼1800 to 2800 m in Boulder County and southern Larimer County in the northern Colorado Front Range. The highly continental climate of the Front Range includes a trend towards higher precipitation with increasing elevation. At 1639 m, the mean annual precipitation is 48 cm and the mean annual temperature is 10.6 • C (Boulder Station, 1897 . At 2576 m, the mean annual precipitation is 53 cm and the mean annual temperature is 4.8 • C (Allenspark Station, 1948 -1994 . Annual precipitation primarily occurs during the winter and spring, with the peak in precipitation during the spring months (April-May).
The vegetation pattern of the Front Range is strongly influenced by topographic position with a tendency towards greater moisture availability towards higher elevation (Peet 1981) . The montane ponderosa pine zone extends from ∼1800 to 2850 m and is largely defined by the distribution of ponderosa pine. In the lower montane zone (1800 to 2350 m), forests vary from open park-like stands of ponderosa pine with abundant grass and herbaceous cover at the plains-grassland ecotone to dense stands mixed with Douglas-fir (Pseudotsuga menziesii) at more mesic sites and north-facing slopes. Juniper (Juniperus scopulorum) is sometimes present at drier sites. In the upper montane zone (2350 to 2850 m), topographic position becomes increasingly important, with dense stands of ponderosa pine and Douglas-fir on north-facing slopes and pure, less dense stands of ponderosa pine on south-facing slopes. The abundance of grass and herbaceous cover greatly declines in the upper montane zone within dense stands of ponderosa pine and Douglas-fir. Aspen (Populus tremuloides), limber pine (Pinus flexilis) and lodgepole pine often co-occur with ponderosa pine and Douglas-fir at higher elevations in the montane zone.
Field sampling
Fifty-eight sites were sampled for fire history throughout the ponderosa pine zone in the northern Colorado Front Range as described in other studies ( Fig. 1 ; Veblen et al. 2000; Sherriff 2004; Sherriff and Veblen 2007) . General areas for sampling were subjectively located to maximise the elevation range of sites where ponderosa pine was dominant and to eliminate areas that showed significant signs of logging. Sites were chosen to focus on ponderosa pine stands, but also to be representative of the distribution of cover types within the montane zone. A total of 798 fire-scarred partial cross-sections collected from live and dead trees were crossdated at the 58 sites (41 sites with 20-100-ha search areas and 525 samples from Veblen et al. 2000 ; 17 sites with 15-200-ha search areas and 273 samples from Sherriff 2004) . Sites were chosen to represent a range of forest and site conditions from the low-elevation forest-grassland ecotone to the upper montane zone of ponderosa pine. Fire-scar sampling was conducted following procedures used previously (Veblen et al. 2000) . Across sites, an average of 15 (range 6-37) nondestructive partial cross-sections from live and dead trees with fire scars were collected at each fire history site depending on the availability of fire scars. Additionally, at each site forest composition and site characteristics were documented including the forest type, understorey composition, density and diameter distribution, elevation, slope aspect and angle, and any evidence of natural or anthropogenic disturbance.
Sample processing
Standard methods were used for sanding and preparing the partial cross-sections for fire-scar dating (Arno and Sneck 1977; McBride 1983) . Annual rings for each sample were counted and visually crossdated (Fritts 2001 ) by comparison with a master chronology from nearby ponderosa pine sites (Veblen et al. 2000) . Samples that could not be confidently crossdated only by visual inspection of narrow ring-width patterns were also measured and quantitatively crossdated using the program COFECHA (Holmes et al. 1986) . Annual rings from the cross-sections were measured to the nearest 0.01 mm, and the measured series were statistically crossdated using a master treering chronology of ponderosa pine from 1552 to 1995 (Veblen et al. 2000) . Samples that could not be visually or statistically crossdated with accuracy were excluded from analysis. The crossdated cross-sections were then examined to date years of fire occurrence.
Fire history records
Fire-scar evidence was used to document fire event years at individual sites by identifying years in which at least two fire-scarred trees recorded fire at each site. For the current study, fire-year chronologies were compiled for the lower montane zone (1800 to 2100 m; n = 10 sites), mid-to upper montane zone (2200 to 2800 m; n = 48 sites) and for all 58 montane fire history sites combined (Fig. 1) . The division of the study area into two broad elevation zones was based on previous research showing that below ∼2100 m, the historic (i.e. ∼1600-1900) fire regime was characterised mainly by low-severity fires occurring at short intervals, whereas above ∼2100 m, higher-severity fires occurring at longer intervals were prevalent (Veblen et al. 2000; Sherriff 2004; Sherriff and Veblen 2006, 2007) . Thus, the study area was divided into a low-elevation zone in which open woodlands were maintained by low-severity fires v. a mid-to upper montane zone of variable-severity fire regime in which forest structures were shaped primarily by severe fires rather than by low-severity surface fires. The FHX2 program (Grissino-Mayer 1995) was used to compile fire history information for each site and for each fire-year chronology. As an index of widespread fire years, we used the percentage of sites recording fire for each year and plotted major fire years as years in which >10% of sites (more than two sites) synchronously recorded fire. The period of graphical analysis begins in 1671 when there are >10 recorder sites (i.e. sites that previously recorded fire dates on two or more trees). The period of statistical analyses begins in 1700 when our dataset included >15 recorder sites that recorded fire scars in the same year on two or more trees, and ends in 1920 when the number of fires dramatically declined during the modern fire suppression period (Veblen et al. 2000) .
Climate proxy records
An index of regional-scale variation in moisture availability was first examined with the fire-year chronologies. The record is a tree-ring reconstruction of summer (June-August) Palmer Drought Severity Index (PDSI) from 1700 through 1978 (Grid point 58; Cook et al. 1999) . The PDSI indicates exceptional summer moisture conditions within northern Colorado; low values indicate exceptionally dry conditions and high values indicate wet conditions (Cook et al. 1999) .
Proxy indices of ENSO (NIÑO3; Cook 2000), PDO (D' Arrigo et al. 2001) and AMO (Gray et al. 2004) were also examined with the fire chronologies. Although a tree-ring reconstruction of the winter Southern Oscillation Index (SOI; Stahle and Cleaveland 1993) was previously used to relate fire and ENSO variability for part of our study area (Veblen et al. 2000) , the current study incorporated new fire history sites across the full elevation range of ponderosa pine and used an updated and improved proxy record of ENSO (NIÑO3; Cook 2000) . In the present study, we used the NIÑO3 index of winter SSTs for the equatorial Pacific Ocean reconstructed from tree-ring chronologies from northern Mexico, the south-western USA, Texas and Oklahoma (Cook 2000) . Positive departures of NIÑO3 generally Fire and climate analysis Superposed Epoch Analysis (SEA; Baisan and Swetnam 1990 ) was used to compare climate conditions during fire and non-fire years based on the climate proxies. Mean values of climate conditions are calculated for each year in a window of years preceding, during and following fire event years. To compare average climate conditions with conditions surrounding fire-event years, 1000 Monte Carlo simulations were conducted, in which random years were selected and expected mean values of climate conditions were calculated over the entire record. Statistical significance was determined by a bootstrap method that determined the confidence intervals of the expected mean value of the climate parameter (Mooney and Duval 1993; Grissino-Mayer 1995) .
SEA was used in two ways: (1) to compare mean climate conditions leading up to and including fire years and non-fire years (1700 to 1920) in low-elevation and high-elevation ponderosa pine forests; and (2) to compare the percentage of sites recording fires during event and non-event years when the event years were defined as El Niño events (Quinn 1992) . The percentage of fire history sites recording fire represents a continuous index of local to regionally widespread fire years from 1700 to 1920. Although strong autocorrelation in a time series can create inflated statistical significance, this does not appear to be the case with SEA as long as block resampling is employed and the serial autocorrelation is less than ∼0.6 (J. Guiot and H. Grissino-Mayer, pers. comm.). Although PDO varies at ∼20-30-year scales, the period of autocorrelation in the reconstruction of PDO (r 1 < 0.37; D' Arrigo et al. 2001 ) is only ∼4 years (P = 0.005; Schoennagel et al. 2005) , indicating it is a suitable record for use in SEA. However, the effect of the longer period of autocorrelation in the AMO record on statistical significance in SEA is uncertain and we excluded this analysis. In addition, we tested for associations of fire for all sites with each climate index and climate-phase combination by comparing the observed v. expected frequencies of fire events (min. two trees scarred per fire event per site) using χ 2 tests. All possible combinations of negative and positive ENSO (NIÑO3 index), PDO and AMO (24 two-index combinations and 8 three-index combinations) were analysed but results are presented only if they were statistically significant (P < 0.05). Expected values were computed from the proportions of years in each of the combinations of climate conditions, regardless of fire activity. The purpose of the χ 2 analysis was to determine at annual scales how different phase combinations (irrespective of the multidecadal trends) affect fire activity. Thus, we use 'all' phase years (e.g. all values of negative PDO or positive AMO), and some of the individual values may not be within a defined warm or cool phase for each index.
Results
Fire history
A total of 1392 fire-scar dates were reconstructed from 798 crossdated fire-scar samples across 58 fire history sites from Veblen et al. (2000) and Sherriff (2004) . The number of fire-scar dates at each site ranged from nine to 107. The average number of fire years per sample site from ∼1700 to 1920 was nine based on all trees scarred (range of 2-30) and four based on two trees scarred (range of 1-17). Based on the criterion of a minimum of two fire-scarred trees per site, 37 fire years were recorded in the lower montane zone and 51 fire years were recorded in the midto upper montane zone from 1700 to 1920.
Fire occurrence and climate variability
Across the montane ponderosa pine zone from 1800 to 2800 m, fires from 1700 to 1920 occurred during extreme drought conditions as indicated by below-average PDSI (Fig. 2) . These drought-induced fire years occurred during the negative (La Niña) phase of NIÑO3 and the negative (cool) phase of PDO, although the relationship with cool PDO is statistically significant only in the mid-to upper montane zone (Fig. 2) . NIÑO3 is significantly below average in year −3 for the mid-to upper montane zone, but did not differ from the average in year −3 for the lower montane zone (Fig. 2) .
Differences in fire-climate relationships between the lower v. mid-and upper montane zone are manifested primarily in antecedent year climate. In the lower montane zone (1800 to 2100 m), fire years follow above-average PDSI by 2 years (99% confidence interval (CI); Fig. 2b ). In contrast, PDSI is not significantly different from the mean 2 years antecedent to fire events in the mid-to upper montane zone (Fig. 2a) . Similarly, the percentage of sites recording fire in the lower montane zone is significantly above average 3 years following El Niño events (strong and very strong events in Quinn's (1992) record) but shows no trend in the mid-to upper montane zone (Fig. 3) . In Colorado, El Niño events were associated with cooler, wetter conditions (Wolter 2004 ). Although differences in antecedent fire-climate relationships occur between the lower v. upper elevations, severe drought conditions during fire years occur throughout the entire montane zone and justified further examination of climate drivers during widespread fire years.
Across all 58 sites, fires were more frequent than expected during the negative NIÑO3 (La Niña) phase (P < 0.01) and less frequent than expected during the positive NIÑO3 (El Niño) phase (P < 0.01) (χ 2 tests; Fig. 4a ). Fires also occurred more frequently than expected during the negative PDO phase and the positive AMO phase, whereas fires occurred less frequently than expected during the positive PDO phase and the negative AMO phase (P < 0.05; Fig. 4a ).
Fires were more frequent than expected during the phase combinations of −NIÑO3 −PDO −AMO (P < 0.001) and less than expected occurred during phase combinations of (Quinn 1992) for the period of 1700 to 1920 for the (a) mid-to upper montane zone and (b) lower montane zone. An El Niño year is defined as a 'strong' or 'very strong' event in Quinn's record (n = 26 events). The black bar indicates significantly above-average sites recording fire 3 years following strong and very strong El Niño years in the lower montane zone.
+NIÑO3 +PDO −AMO (P < 0.005; Fig. 4b ). Among the twophase combinations, fires were more frequent than expected during combinations of −NIÑO3 −PDO, −NIÑO3 +AMO, and −PDO +AMO, and less frequent than expected during phase combinations of +NIÑO3 +PDO, +NIÑO3 −AMO, and +PDO −AMO (P < 0.04; Fig. 4b) . No other phase combinations exhibited statistically significant differences between expected and observed fire occurrence.
High percentages of sites recording fire were indicative of regionally widespread fire years and were associated with particular two-phase and three-phase combinations of ENSO, PDO and AMO. During combination years of −NIÑO3 −PDO, −NIÑO3 −PDO +AMO, −NIÑO3 +AMO, and −PDO +AMO that facilitate fire occurrence, the mean percentages of sites recording fire were 1.14, 1.80, 1.46, and 0.67 standard deviations above average, respectively. In contrast, during the phase combinations of the opposite sign, the mean percentages ranged from 0.51 to 0.71 standard deviations below the mean.
At a multidecadal scale, years of major fire occurrence (i.e. >10% sites scarred) tended to be associated with positive (warm) AMO (Fig. 5) . Of the 16 major fire years recorded since 1671, 11 occurred during decadal periods of positive AMO. Of the five major fire years not associated with positive 10-year averages of AMO, four were associated with steep rises in AMO at an annual scale (Fig. 5) .
Discussion
In the context of previous studies on fire-climate relationships in the western USA generally and specifically in the Colorado Front Range, our results are important in showing that the ponderosa pine zone is not necessarily homogeneous in the relationship of fire to climatic variation. Previous studies have related fire occurrence in Front Range ponderosa pine forests to variations in moisture availability related largely to ENSO variations (Veblen et al. 2000; Donnegan et al. 2001 ) that show similar findings for ponderosa pine forests in Arizona and New Mexico (e.g. Swetnam and Betancourt 1998) . The current study is the first to document how the nature of climatic influences on fire regimes varies between elevation zones within the ponderosa pine zone of the Front Range, and furthermore that these differences in R. L. Sherriff and T. T. Veblen fire-climate relationships complement differences in fire frequency and severity between the two zones. A major finding of the present study is that climate patterns conducive to years of widespread fire are different at low v. high elevation within the ponderosa pine cover type related to differences in fuel structure. Below ∼2100 m, major fire years follow moister antecedent conditions by 2 years that probably favoured fine fuel accumulation before dry fire years (Fig. 2) . Thus, fire spread appears to have been at least partially limited by lack of sufficient fine fuels in most years. This is consistent with dominance of the historic fire regime below ∼2100 m by low-severity fires where ponderosa pine woodlands and forests intermingle and border with extensive grasslands (Sherriff 2004; Sherriff and Veblen 2006, 2007; Keith 2007 ). In the mid-and upper montane zone (∼2200 to 2800 m), the positive influence of moister antecedent years disappears and fire depends solely on drought during the fire year (Fig. 2) . This is consistent with the tree-ring record of less frequent fires at a stand level and evidence of high-severity (probably crown) fires burning the woody fuels of the denser stands with limited grass and herbaceous understorey in the mid-and upper montane zone (Sherriff 2004; Sherriff and Veblen 2006, 2007) . In the mid-to upper montane zone, drought-induced fires of mixed to high severity were the dominant fire type (Sherriff 2004; Sherriff and Veblen 2006, 2007) , and fires were dependent primarily on drought rather than an increase in fine fuels. These results are consistent with studies from the Southwest (e.g. Barton 1993 Barton , 1994 and Sierra NevadaCascades (e.g. Taylor and Skinner 1998; Bekker andTaylor 2001) that also identify variation in fire-climate interactions along environmental gradients in montane forests.
The differential pattern of fire sensitivity to antecedent moisture conditions for open woodlands of ponderosa pine v. denser stands of the same or other species appears to be a general pattern in the Colorado Rocky Mountains. For example, a similar association of fire with moister antecedent conditions has been found in ponderosa pine forests in southern Colorado (i.e. the San Juan Mountains) and in the southern Front Range where grasslands or parks of grasses and low shrubs are in close proximity to the stands sampled for fire history (Brown and Shepperd 2001; Donnegan et al. 2001; Grissino-Mayer et al. 2004) . In contrast, in both upper montane areas of ponderosa pine as well as subalpine forests of spruce fir and lodgepole pine, years of widespread fire are statistically associated only with below-average moisture availability during the fire year (Sherriff et al. 2001; Sibold and Veblen 2006) . These differences indicate that in the upper montane and subalpine forest zones, continuity of fine fuels is less limiting to fire spread and that fuel desiccation is the primary limitation to widespread fire occurrence.
The strength and timing of ENSO, PDO and AMO as climate drivers on fire occurrence varies from the lower to the upper elevations within the montane ponderosa pine zone as expected given the different dependencies of fire on fine fuel continuity in the two elevation zones. Dry conditions favourable to fire across the entire study area are strongly linked to La Niña conditions during fire years, but moister antecedent years linked to strong and very strong El Niño (cooler, wetter) events are only important for fire occurrence at low elevation ( Fig. 3 ; also see Veblen et al. 2000) . The importance of interannual variability (wet to dry conditions) of ENSO for fire occurrence declines above ∼2100 m in the mid-to upper elevations of ponderosa pine as in the subalpine zone (Sherriff et al. 2001; Sibold and Veblen 2006) . Fires in the mid-to upper montane zone occur during the negative (cool) phase of PDO, but only a non-significant trend occurs at the lower montane sites. These results are consistent with the association of drought in northern Colorado with the negative phase of the PDO (Schoennagel et al. 2005) . Potentially, the non-significant relationship of fire in the lower montane zone to negative PDO is due to the dependence of fire on above-average moisture conditions in antecedent years that are less likely to occur during the negative phase of PDO (i.e. decreasing the effect of antecedent El Niño conditions on the accumulation of fine fuels supporting fire spread during subsequent dry years). The current trend towards warmer AMO may play a strong, controlling role on drought-induced fire occurrence in higher-elevation montane and subalpine forests, whereas in lower-elevation montane forests, this warming and drying trend may actually make El Niño events (producing moister conditions) more favourable for fire occurrence at an annual scale by enhancing fine fuel production.
Considering fire occurrence across the ponderosa pine zone (i.e. low and high elevations), drought is clearly the proximate condition required for widespread fire, and the relationship of droughts to climatic drivers is relatively clear. Fire occurrence is greater than expected during the phases of each index associated with drought in northern Colorado (i.e. La Niña conditions, negative PDO, and positive AMO; Fig. 4) . However, the greatest differences between observed and expected fire occurrence are associated with three-phase combinations. The combination of negative NIÑO3 (La Niña), negative PDO, and positive AMO is highly conducive to fire (Fig. 4) . For example, regionally widespread fires such as the 1786 and 1859-60 events when 29 and 49% of the sites recorded fire, respectively, and that initiated post-fire cohorts over a large region ( Fig. 5 ; Veblen et al. 2000; Sherriff 2004; Sherriff and Veblen 2006) , occurred during this three-phase combination.
At multidecadal time scales up to ∼80 years, major fire years occur mostly during positive AMO, which is associated with warmer, drier conditions in the Colorado Rockies (McCabe and Dettinger 1999; Gray et al. 2004; Fig. 5 ). In particular, episodes of major fire years from the mid-1600s to early 1700s and from the 1850s to 1880 are associated with long-lasting periods of above-averageAMO that include higher annual and 10-year averages than any other 50-year time period since 1650 (Fig. 5) . Not only were AMO-related droughts severe and frequent during these time periods, but year-to-year variability in tree growth was high during these time periods (Veblen and Kitzberger 2002) . Specifically, first differences of tree-ring indices from ponderosa pine indicate peaks of growth variability in the late 1600s and 1850s-1880s (Veblen and Kitzberger 2002) . The implied high annual variation in moisture availability would have been particularly conducive to fire spread in the lower montane zone where low continuity of fine fuels under drought conditions otherwise would be expected to limit fire spread.
The current study is consistent with the results of tree-ring studies in nearby areas showing the regional importance of the phase combinations of negative NIÑO3 (La Niña) and negative PDO as well as positive AMO in creating widespread drought conditions conducive to wildfire (Schoennagel et al. 2005; Brown 2006; Sibold and Veblen 2006) . The modern record of fires from 1956 to 2002 indicates the relationships between burned area on the eastern slope of the Colorado Front Range and ENSO, PDO and AMO are stronger during coolphase PDO conditions (Collins et al. 2006) . La Niña conditions lead to more extensive fire during the drier cool-phase of PDO (Collins et al. 2006) . The cool-phase PDO conditions intensify the drying effect on fuels associated with La Niña conditions and result in more fires occurring during the combined climate conditions (Collins et al. 2006 ). In the current study, our results are similar in that the most widespread fires historically occurred during the combinations of La Niña conditions, cool-phase PDO conditions and warm-phase AMO conditions. Warm (positive)-phase AMO conditions produce longer-term droughts and have an overall drying effect (Enfield et al. 2001; Gray et al. 2004; McCabe et al. 2004; Collins et al. 2006) .
The tree-ring record of fire and climatic variation in ponderosa pine forests of the Front Range indicates a strong possibility for widespread fires in the future during combinations of negative ENSO and PDO and positive AMO. The widespread fires of the second half of the 19th century associated with warm AMO may be a historical analogue for future fire occurrence in the upper montane zone -i.e. an increase in frequency, extent and severity of fires under future warm AMO conditions. Two of our largest fire years on record, 2000 and 2002, probably reflect both the interannual variability of ENSO and the current warm phase of AMO that began ∼1998. We can expect that in comparison with the previous several decades (e.g. including the 1987 ENSO event), the combination of La Niña events with warm AMO will probably produce unprecedented drought and fire. A recent compilation of tree-ring studies and historical reports on fire history and forest structure in ponderosa pine-Douglasfir forests suggests that the historic fire regime of moderate to high severity found in the higher-elevation montane forests of the Front Range is widespread throughout the Rocky Mountains (Baker et al. 2007 ). Thus, we may expect the warming AMO trend to have a wide regional influence on this cover type where fire is dependent exclusively on drought rather than on antecedent wet years.
A clear delineation of when and where to expect wildfires to occur is a major concern for ecosystem managers in the context of wildfire risk and ecological restoration in western North America. Forecasts of regional climate combinations of ENSO, PDO and AMO and their likely influences on fire risk across broad regions of different forest types (e.g. Collins et al. 2006) provide important information for forest managers and communities. The results of the current study allow some discrimination between and even within forest types in terms of climatic influences on fire risk. For example, the predicted occurrence of increased fire lagging wet springs associated with El Niño events applies only to the low-elevation area of ponderosa pine forests, whereas drought and major fire years at higher elevations are dependent on La Niña, which can be exacerbated by synchrony with warm AMO. The results of the present study underscore the need for more research to develop finer-scale understanding of climate-related fuel dynamics and fire-climate relationships for different elevations and geographic locations of broadly distributed cover types such as ponderosa pine-dominated forests.
